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mGluR2 Postsynaptically Senses
Granule Cell Inputs at Golgi Cell Synapses
tors and are classified into three groups (Nakanishi,
1992; Pin and Duvoisin, 1995): group 1 (mGluR1 and 5),
group 2 (mGluR2 and 3), and group 3 (mGluR4, 6, 7, and
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Kyoto University Faculty of Medicine
Kyoto 606-8501 8). mGluRs are located presynaptically or postsynapti-
cally or both, depending on neuronal cell types (HayashiJapan
et al., 1993; Luja´n et al., 1997; Ohishi et al., 1994; Petralia
et al., 1996; Shigemoto et al., 1997; Yokoi et al., 1996).
The inhibitory modulation of transmitter release by pre-Summary
synaptic mGluRs has been well established in various
neurons (Hayashi et al., 1993; Mitchell and Silver, 2000;In the cerebellar circuit, Golgi cells are thought to
contribute to information processing and integration Scanziani et al., 1997), but the function of inhibitory
postsynaptic mGluRs remains elusive. Granule cell-via feedback mechanisms. In these mechanisms, dy-
namic modulation of Golgi cell excitability is necessary Golgi cell synapses show a characteristic feature in that
mGluR2 is highly distributed postsynaptically at Golgibecause GABA from Golgi cells causes tonic inhibition
on granule cells. We studied the role and synaptic cells but not present presynaptically at granule cells
(Luja´n et al., 1997; Ohishi et al., 1993, 1994). This investi-mechanisms of postsynaptic metabotropic glutamate
receptor subtype 2 (mGluR2) at granule cell-Golgi cell gation concerns the role and modulatory mechanisms
of postsynaptic mGluR2 at granule cell-Golgi cell syn-synapses, using whole-cell recording of green fluores-
cent protein-positive Golgi cells of wild-type and apses.
To address this question, we employed transgenicmGluR2-deficient mice. Postsynaptic mGluR2 was
activated by glutamate from granule cells and hyper- mice in which the selective expression of green fluores-
cent protein (GFP) was driven in Golgi cells by the pro-polarized Golgi cells via G protein-coupled inwardly
rectifying K channels (GIRKs). This hyperpolarization moter function of mGluR2 (Watanabe et al., 1998). We
also defined mGluR2-mediated responses more directlyconferred long-lasting silencing of Golgi cells, the du-
ration and extents of which were dependent on stimu- by examining GFP//mGluR2/ Golgi cells which were
generated by mating GFP/ transgenic mice withlus strengths. Postsynaptic mGluR2 thus senses in-
puts from granule cells and is most likely important mGluR2/ knockout mice (Yokoi et al., 1996). This inves-
tigation revealed that postsynaptic mGluR2 acts coop-for spatiotemporal modulation of mossy fiber-granule
cell transmission before distributing inputs to Purkinje eratively with AMPA receptors at granule cell-Golgi cell
synapses and plays a pivotal role in inhibiting Golgi cellcells.
excitability by sensing different strengths of incoming
stimuli.Introduction
In the cerebellar network, Golgi cells receive excitatory Results
glutamatergic inputs from granule cells and in turn sup-
press granule cell excitability via inhibitory GABA neuro- Characterization of GFP-Positive Golgi Cells
transmission (Ito, 1988). Golgi cells are the only element We first examined whether Golgi cells expressing
that controls the activity of granule cells, and the feed- mGluR2 can be precisely identified by GFP expression in
back inhibition of Golgi cells is thought to contribute to the cerebellum of transgenic mice by GFP fluorescence
filtering mossy fiber inputs to granule cells (Albus, 1971; combined with immunostaining of cerebellar sections
Gabbiani et al., 1994; Ito, 1988; Marr, 1969). GABA from with mGluR2 antibody (Neki et al., 1996). GFP fluores-
Golgi cells confers strong tonic and phasic inhibition on cence completely overlapped mGluR2 immunoreactivity
granule cells (Brickley et al., 1996; Wall and Usowicz, at somata and dendrites of neurons with a morphologi-
1997). Therefore, dynamic modulation of Golgi cell re- cal characteristic of Golgi cells (Figure 1A). This overlap-
sponses is necessary for effective input transmission to ping was also seen at glomeruli where Golgi cells send
Purkinje cells. For example, facial stimulation has been axonal terminals and form synaptic contacts with gran-
shown to evoke spike discharges and then induce long- ule cell dendrites around a mossy fiber (Figure 1A). Previ-
lasting silencing of putative Golgi cells in anaesthetized ous studies have reported that mGluR2 is expressed in
rats (Vos et al., 1999). This silencing of Golgi cells is unipolar brush cells located mainly in the folia of the
stimulus dependent and is assumed to be important for vestibulocerebellum (Din˜o et al., 1999; Geurts et al.,
information transmission of the tactile stimuli to Purkinje 2001; Neki et al., 1996). GFP fluorescence was also de-
cells (De Schutter and Bjaalie, 2001). The modulatory tected in mGluR2-immunoreactive unipolar brush cells,
mechanisms of these Golgi cells remain poorly under- but none of the other cell types showed either GFP
stood. fluorescence or mGluR2 immunoreactivity in the cere-
Glutamatergic neurotransmission is mediated by iono- bellar cortex. Although unipolar brush cells receive in-
tropic receptors and metabotropic receptors (mGluRs) puts from mossy fibers but not from granule cell parallel
(Nakanishi, 1992). mGluRs are G protein-coupled recep- fibers (Din˜o et al., 1999), we avoided the vestibulocere-
bellar region in the subsequent electrophysiological ex-
periments to exclude possible recording of unipolar*Correspondence: snakanis@phy.med.kyoto-u.ac.jp
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Figure 1. Immunohistochemical Characterization of GFP Golgi Cells
(A) Parasagital sections of the cerebellar cortex of GFP transgenic mice were confocally visualized with GFP fluorescence combined with
mGluR2 immunostaining. Somata (arrowed), dendrites, and axonal plexuses of GFP Golgi cells were all mGluR2 immunopositive.
(B) Cerebellar sections of GFP transgenic mice were visualized with GFP fluorescence combined with double immunostaining with GABA
and mGluR2 antibodies. GABA-immunoreactive cells were subdivided as GFP/mGluR2 cells (arrowed) and GFP/mGluR2 cells (arrowhead).
In both (A) and (B), two sections of three independent transgenic mice were analyzed. G, granular layer; P, Purkinje cell layer; M, molecular
layer.
brush cells. The previous studies also showed that We next addressed whether synaptically released glu-
tamate causes mGluR-mediated inhibition of Golgi cellsGABA-positive/mGluR2-negative neurons exist at the
granular layer (Neki et al., 1996; Ohishi et al., 1994). by electrical stimulation of parallel fibers. Because each
Because this investigation intended to examine
mGluR2-mediated Golgi cell responses, we further char-
acterized GFP cells by double immunostaining with
GABA and mGluR2 antibodies (Figure 1B). This analysis
showed that about 20% of GABA-positive neurons in
the granular layer were both GFP negative and mGluR2
negative, but all GFP cells were mGluR2 positive/GABA
positive (Figure 1B). The immunohistochemical charac-
terization indicates that GFP neurons faithfully repre-
sent mGluR2-expressing Golgi cells.
mGluR2-Mediated Inhibition of Golgi Cells
GFP Golgi cells were identified under fluorescence
microscopy combined with infrared differential inter-
ference contrast (IR-DIC) (Figures 2A and 2B). We first
conducted whole-cell recording of GFP Golgi cells in
cerebellar slices in current-clamp mode. These re-
cordings showed spontaneous action potentials in most
Golgi cells (Brickley et al., 1996; Dieudonne´, 1998; Wall
and Usowicz, 1997) (Figure 3A). We examined effects
of group 2 mGluR-selective agonist, (2S, 1R, 2R, 3R)-
2-(2, 3-dicarboxycyclopropyl)glycine (DCG-IV) (Hayashi Figure 2. Whole-Cell Patch-Clamp Recording of GFP Golgi Cells
et al., 1993), on Golgi cell responses by briefly applying
(A) Recording configuration. Whole-cell patch-clamped Golgi cell
it on Golgi cell dendrites. DCG-IV inhibited spontaneous and PFS. , glutamatergic excitation; , GABAergic inhibition.
action potentials and hyperpolarized membrane poten- (B) IR-DIC and GFP fluorescence images of a Golgi cell in a cerebel-
lar slice.tials of Golgi cells (n  5; Figure 3A).
mGluR2 Suppression of Golgi Cell Excitability
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Figure 3. mGluR2-Mediated Postsynaptic
Inhibition of Golgi Cells
(A) Inhibition of spontaneous action poten-
tials and hyperpolarization of membrane po-
tentials of a Golgi cell by DCG-IV (1 M, 2
s); responses were recorded in current-clamp
mode, and basal membrane potential is indi-
cated with a dashed line.
(B) Spike discharges of a Golgi cell as re-
corded in (A) were blocked by PFS (five
pulses at 100 Hz).
(C and E) IPSP (C) and IPSC (E) of a Golgi cell
elicited by PFS (five pulses at 100 Hz) were
blocked by TTX (1 M) or LY341495 (0.5 M)
and disappeared in an mGluR2/ Golgi cell.
Each trace is an average of ten sweeps. Stim-
ulus artifacts are blanked for clarity. In (A)–(C)
and (E), bars indicate DCG-IV application or
PFS.
(D and F) Ionotropic glutamate receptor-
mediated EPSCs elicited by a single pulse of
PFS were first recorded for mGluR2/ (open
circles) and mGluR2/ Golgi cells (closed cir-
cles) in voltage-clamp mode. mGluR-medi-
ated IPSPs and IPSCs elicited by PFS with
the same strength of stimuli (five or ten pulses
at 100 Hz) were then recorded in current-
clamp mode and voltage-clamp mode, re-
spectively, in the presence of AMPA and
NMDA receptor antagonists. In IPSP re-
cordings, constant currents were injected to
keep the basal membrane potentials at the
range from 65 mV to 75 mV. Peak ampli-
tudes of mGluR-mediated IPSPs ([D], left) and
IPSCs ([F], left) were plotted against those of
ionotropic receptor-mediated EPSCs in indi-
vidual recordings. In the right, peak ampli-
tudes of mGluR-mediated IPSPs and IPSCs
were divided by ionotropic receptor-medi-
ated EPSCs in individual recordings shown
in the left. Relative IPSP (D) and IPSC (F) val-
ues as expressed per nA of ionotropic recep-
tor-mediated EPSC were averaged and com-
pared between mGluR2/ and mGLuR2/
mice. Columns and error bars represented
mean  SEM, **p  0.01 (Mann-Whitney U
test).
(G) sEPSCs were recorded from Golgi cells in
voltage-clamp mode at 70 mV; mGluR2/,
1046 events from nine cells; mGluR2/, 606
events from five cells. The distribution of peak
amplitudes of sEPSCs is summarized in his-
tograms.
(H) The averaged sEPSC waveforms re-
corded at 70 mV and 60 mV are indicated;
the properties of sEPSCs at 70 mV were
as follows: for mGluR2/ (n  9 cells) and
mGluR2/ (n  5 cells), the peak amplitude,
54.1  4.7 and 50.7  3.2 pA; the 10%–90%
rise time, 0.26  0.01 and 0.23  0.01 ms;
the decay time constant, 0.53  0.05 and 0.48  0.03 ms, respectively. sEPSCs recorded at 60 mV consisted of rapid and slow components.
The slow component, which was completely blocked by NMDA receptor antagonists, contributed 26.1%  5.6% and 22.2%  2.3% to the
peak amplitudes of mGluR2/ and mGluR2/ cells (n  3 each), respectively.
Golgi cell receives a large number of parallel fibers, it clamped at a holding potential of 70 mV, and iono-
tropic receptor-mediated EPSC was measured by a sin-was technically difficult to electrically stimulate a de-
fined number of parallel fibers in a cerebellar slice. We gle pulse of parallel fiber stimulation (PFS). We then
monitored mGluR-mediated inhibitory postsynaptic po-therefore first recorded excitatory postsynaptic currents
(EPSCs) of ionotropic glutamate receptors in the pres- tential (IPSP) with the same extent of PFS in current-
clamp mode in the presence of antagonists for AMPAence of antagonists for GABAA, GABAB, and glycine re-
ceptors. In this recording, a Golgi cell was voltage and NMDA receptors. A train of PFS, similar to applica-
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tion of DCG-IV, hyperpolarized membrane potentials
and abolished spontaneous action potentials of Golgi
cells (n 4; Figure 3B). This hyperpolarization was more
explicitly detected when spontaneous action potentials
were prevented by injecting a slightly hyperpolarizing
current into Golgi cells (Figure 3C). The PFS-induced
hyperpolarization was blocked by application of tetro-
dotoxin (TTX) (99.98% 0.01% inhibition, n 3) (Figure
3C). When mGluR-mediated responses were quantified
by plotting a peak amplitude of each IPSP against that
of ionotropic receptor-mediated EPSC at the corre-
sponding cell (n  38), Golgi cells all showed varying
but significant IPSPs after PFS (Figure 3D, left). These
results indicate that synaptic transmission is responsi-
ble for hyperpolarization of Golgi cells.
We then examined Golgi cell responses in voltage-
clamp mode at a holding potential of 70 mV. PFS
induced outward currents (Figure 3E), indicating that K
permeation is involved in PFS-induced hyperpolariza-
tion. The outward currents were inhibited by the group
2 mGluR antagonist LY341495 (Kingston et al., 1998)
(99.52%  0.38% inhibition, n  5) (Figure 3E). The
emergence of mGluR-mediated outward currents after
PFS was further confirmed by plotting peak amplitudes
of mGluR-mediated inhibitory postsynaptic currents
(IPSCs) against those of ionotropic receptor-mediated
EPSCs in individual recordings (n  73; Figure 3F, left).
Expression of mGluR1/mGluR5 was detected in a sub-
population of Golgi cells (Baude et al., 1993; Knoflach
et al., 2001; Shigemoto et al., 1993), but no effect was
observed by either the mGluR1 antagonist 7-(hydroxyi- Figure 4. Coupling of GIRK in mGluR2-Mediated IPSC
mino)cyclopropan[b]-chromen-1a-carboxylic acid ethyl- (A) mGluR2-mediated IPSC elicited by PFS (ten pulses at 100 Hz)
was inhibited by GTPS released with photoflash (125 ms); tenester (CPCCOEt) (Litschig et al., 1999) or the mGluR5
sweeps were averaged.antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP)
(B) The membrane potential was held at 70 mV and then changed(Gasparini et al., 1999) (n  3; data not shown).
from 130 mV to 70 mV in a stepwise manner with a 10 mVTo verify that postsynaptic mGluR2 mediates inhibi-
increment. PFS (ten pulses at 100 Hz, red bar) was delivered, and
tory Golgi cell responses, we monitored PFS-induced red and blue traces indicate recordings with and without PFS. PFS-
postsynaptic responses of GFP//mGluR2/ Golgi cells. induced currents but not hyperpolarization-induced currents were
In these mice, GFP Golgi cells were normal with re- inhibited by Ba2 (200 M). Five sweeps were averaged.
(C) I-V relationship of mGluR2-mediated IPSCs in the presence andspect to shape, arrangement, and number of Golgi cells.
absence of Ba2 (200 M). A peak amplitude of PFS-induced cur-In electrophysiological characterization, mGluR2/ and
rents was calculated by subtracting hyperpolarization-induced cur-mGluR2/ Golgi cells showed no difference in amplitude
rents at each membrane potential; the peak amplitude at 70 mVhistograms of spontaneous EPSCs (sEPSCs) when
is taken as 1. Circles and error bars represent mean  SEM (n  3).
these currents were recorded in the absence of AMPA (D) Confocal image showing GFP fluorescence and Kir 3.2 immuno-
and NMDA receptor antagonists (Figure 3G). Further- reactivity at Golgi cell dendrites.
more, both AMPA receptors and NMDA receptors re-
mained unchanged in mGluR2/ Golgi cells, when each
was characterized at the holding potentials of 70 mV
and 60 mV, respectively (Figure 3H and its legend). Re- mate released from parallel fibers and inhibits Golgi cell
markably, in mGluR2/ Golgi cells, neither hyperpolar- responses through activation of K conductance.
ization nor outward currents were evoked by PFS (Fig-
ures 3C and 3E). Both IPSPs and IPSCs of mGluR2/
GIRK Coupling in mGluR2-Mediated InhibitionGolgi cells after PFS were negligible when these re-
We next tested the G protein-coupled activation of Ksponses were either plotted against ionotropic receptor-
channels in mGluR2-mediated Golgi cell inhibition. Golgimediated EPSCs measured at the corresponding cells
cells were loaded with caged-GTPS [guanosine 5-O-(Figures 3D and 3F, left) or summarized by expressing
(3-thiotriphosphate), P3(s)-(1-(4, 5-dimethoxy-2-nitrophe-relative values of mGluR2-mediated IPSPs and IPSCs
nyl)ethyl)ester] (Dolphin et al., 1988), and a single UVper nA of ionotropic receptor-mediated EPSCs in indi-
was flashed to rapidly release nonhydrolyzable GTPSvidual Golgi cells (Figures 3D and 3F, right); IPSPs of
that persistently activates G proteins. GTPS completelymGluR2/ and mGluR2/, 5.0  0.62 (n  38) and
blocked PFS-induced outward currents (99.1%  0.9%0.160.07 (n16) mV/nA of EPSC; IPSCs of mGluR2/
inhibition, n  4) (Figure 4A). The result indicates thatand mGluR2/, 16.4  0.98 (n  73) and 0.76  0.20
G protein is involved in mGluR2-mediated IPSCs. We(n  14) pA/nA of EPSC, respectively. These results
indicate that postsynaptic mGluR2 reacts with gluta- determined a current-voltage relationship of PFS-
mGluR2 Suppression of Golgi Cell Excitability
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induced IPSCs by stepwise increment of membrane po- against those of AMPA receptor-mediated EPSCs at two
different stimuli (n  6; Figure 5E). This plotting showedtentials of Golgi cells. This analysis showed that the
mGluR2-mediated currents were inwardly rectifying, a linear relationship between these two receptor re-
sponses. The results indicate that mGluR2 and AMPAand their reversal potential (96 mV) matched the equi-
librium potential of K (99 mV) as calculated by the receptors located postsynaptically at Golgi cells coordi-
nately react with synaptically released glutamate in aNernst equation (n  3; Figures 4B and 4C). In addition,
these currents were blocked by a low concentration of concentration-dependent manner.
Ba2 (n  3; Figures 4B and 4C). These characteristics
of mGluR2-mediated currents agreed with the proper- Silencing of Golgi Cell Excitability
ties of GIRK (Kubo et al., 1993; Knoflach and Kemp, We addressed an overall effect of glutamatergic synap-
1998). GIRKs consist of a gene family composed of four tic transmission on membrane potentials of Golgi cells.
subunits (Ma et al., 2002). Previous in situ hybridization We first determined a threshold to evoke action poten-
showed a high expression of the Kir 3.1, 3.2, and 3.3 tials and then measured Golgi cell responses with three
subunits of the GIRK family in the granular layer different strengths of suprathreshold stimuli in current-
(Karschin et al., 1996). Immunostaining of cerebellar clamp mode. Different extents of the stimuli generated
slices showed an intense Kir 3.2 immunoreactivity on corresponding spike discharges followed by a stimulus-
dendrites of GFP Golgi cells (Figure 3D), while Kir 3.1 dependent depolarization (n 11; Figure 6A). The mech-
and Kir 3.3 immunoreactivities were mainly located on anism underlying a stimulus-dependent depolarization
somata and only slightly distributed in Golgi cells, re- followed by spike discharges remained to be deter-
spectively (data not shown). The results indicate that mined, but spike discharge and its following depolariza-
Kir3.2 is mainly involved in mGluR2-activated K con- tion were blocked by addition of AMPA and NMDA re-
ductances at dendrites of Golgi cells. ceptor antagonists (Figure 3C). This finding indicates
that ionotropic receptors are involved in both spike dis-
charges and their following membrane depolarization.Coordinate Responses of mGluR2
and AMPA Receptors Golgi cells then showed long-lasting hyperpolarization
after spike discharges, and its magnitude and durationmGluR2 immunoreactivity is diffusely distributed in den-
drites of Golgi cells (Luja´n et al., 1997). To examine depended on the strength of PFS (n  11; Figure 6A).
This long-lasting hyperpolarization was abolished byhow diffusely located mGluR2 reacts with synaptically
released glutamate, we first quantified mGluR2-medi- LY341495 (n  11; Figure 6A). The results indicate that
Golgi cells, once depolarized with a suprathresholdated IPSCs at a holding potential of70 mV by increas-
ing the number of pulses of PFS. A single pulse of PFS stimulus, discharge spike firing and in turn undergo
mGluR2-mediated, stimulus-dependent suppression.was sufficient to induce IPSCs, and amplitudes of IPSCs
increased by increasing stimulus to the saturating level On the basis of these findings, we investigated how
postsynaptic mGluR2 is involved in modulation of theof 15 pulses at 100 Hz (n  5; Figure 5A). Recordings
of different Golgi cells, however, did not show a parallel Golgi cell excitability. When a strong stimulus was ap-
plied, Golgi cells showed spike discharges correspond-increase in mGluR2-mediated IPSCs in relation to in-
creasing strengths of PFS (as measured with ionotropic ing to each stimulus, and this excitation was followed
by a long-lasting silent phase (n  11; Figure 6B). Thisreceptor-mediated EPSCs) (Figure 3F). Because this de-
viation seemed to result from large intercellular varia- silent phase was abolished by LY341495 (n 11; Figure
6B), suggesting that the silent phase is induced bytions of individual Golgi cells, we plotted peak ampli-
tudes of mGluR2-mediated IPSCs against those of mGluR2-mediated suppression. In contrast, when a
stimulus just above a threshold was delivered, a firingmGluR2-mediated IPSPs, both recorded at the corre-
sponding Golgi cells (n  30; Figure 5B). This analysis rate following stimulus-evoked spike discharges re-
mained unchanged regardless of the presence or ab-showed a nearly linear relationship between the two
parameters of mGluR2 responses, suggesting that the sence of LY341495 (n  11; Figure 6B). To substantiate
the role of mGluR2 in Golgi cell silencing, we monitoredmGluR2 activation is quantitatively reflected in hyperpo-
larization of Golgi cells. responses of mGluR2/ Golgi cells (Figure 6B). The fir-
ing rate of Golgi cells remained unchanged after spikeWe then examined a relationship between the
mGluR2-mediated and AMPA receptor-mediated re- discharges in mGluR2/ Golgi cells with both weak and
strong stimuli (n 10; Figure 6B). Furthermore, additionsponses of Golgi cells by simultaneously measuring
mGluR2-mediated IPSCs and AMPA receptor-mediated of LY341495 had no effect on firing rates of mGluR2/
Golgi cells in both weak and strong stimulations (n EPSCs elicited by two different stimulus strengths of
PFS. As the stimulus strength of PFS (5 pulses at 50 Hz) 10; Figure 6B).
The above recordings were carried out by deliveringwas increased, both EPSCs and IPSCs were increased,
and IPSCs were selectively inhibited by LY341495 stimuli with five pulses at 100 Hz. Golgi cell responses
were also monitored by delivering stimuli with three(EPSCs 96.4%  5.3% and IPSCs 0% by the addition
of LY341495, n  3) (Figure 5C). When AMPA receptor- pulses at 25 Hz. The firing patterns of Golgi cells in both
stimuli with five pulses at 100 Hz and three pulses atmediated EPSCs at low and high stimulus strengths
were normalized, current profiles of mGluR2-mediated 25 Hz were summarized in peristimulus time histogram
(PSTH) plots (Figure 6C). In both cases, a strong stimulusIPSCs at the two stimulus strengths were overlapping
(n  6; Figure 5D). This one-one relationship between generated a silent phase in mGluR2/ Golgi cells, and
this silencing was blocked by LY341495 (Figure 6C).the two receptor responses was further confirmed by
plotting relative values of mGluR2-mediated IPSCs Furthermore, the silent phase was not seen by a weak
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Figure 5. Properties of mGluR2-Mediated IPSCs Elicited by PFS
(A) IPSCs evoked by a single stimulus (blue) and ten stimuli at 100 Hz (red) (left). Peak amplitudes of mGluR2-mediated IPSCs were plotted
as a function of the stimulus number (right); the amplitude at a single stimulus is taken as 1. Circles and error bars represent mean  SEM
(n  5).
(B) Peak amplitudes of mGluR2-mediated IPSPs of individual mGluR2/ Golgi cells shown in Figure 3D were plotted against those of mGluR2-
mediated IPSCs at the corresponding cells shown in Figure 3F. Closed and open circles show responses elicited by PFS with ten and five
pulses at 100 Hz, respectively. Data points were fitted with a linear regression line (y  0.26 x; R2  0.86).
(C) AMPA receptor-mediated EPSCs (inward currents) and mGluR2-mediated IPSCs (outward currents) were elicited by low (blue) and high
(red) strengths of PFS (five pulses at 50 Hz) before (left) and after (right) addition of LY341495; AMPA receptor-mediated EPSCs are truncated,
and a whole profile of these currents is indicated in insets. Five to 20 sweeps were averaged.
(D) The AMPA receptor-mediated EPSCs in (C) are normalized to show an overlap of mGluR2-mediated IPSCs at two different stimulus
strengths.
(E) Ratios of mGluR2-mediated IPSCs recorded at two different stimulus strengths were plotted against those of AMPA receptor-mediated
EPSCs recorded simultaneously. Data points were fitted with a linear regression line (y  1.1 x; R2  0.97).
stimulus and disappeared by mGluR2 deficiency (Figure postsynaptic mGluR2 is thus critical for summation of
presynaptic inputs and plays a pivotal role in inhibitory6C). The results indicate that postsynaptic mGluR2
senses presynaptic granule cell inputs and mediates modulation of the Golgi cell excitability.
long-lasting inhibitory modulation of the Golgi cell exci-
tation. Discussion
The postsynaptically located mGluR2 and AMPA re-
ceptors at Golgi cells responded to varying strengths The present investigation has demonstrated that
mGluR2 responds to synaptically released glutamateof PFS in a linear fashion (Figure 5E). On the other hand,
the Golgi cell excitability was suppressed in nonlinear and mediates inhibitory postsynaptic potentials in Golgi
cells. Knoflach and Kemp (1998) reported that the groupfashion by different strengths of PFS (Figure 6). This
finding indicates that silencing of the Golgi cell excitabil- 2 mGluR agonist activates GIRK via G protein-coupling
mechanisms in dissociated cerebellar unipolar brushity requires a certain level of mGluR2-mediated hyperpo-
larization. In fact, the extents and duration of mGluR2- cells. However, they failed to detect the mGluR-medi-
ated GIRK activation in dissociated Golgi cells, due tomediated hyperpolarization increased by increasing
strengths of PFS (Figure 6A). The prolonged hyperpolar- disruption of Golgi cell dendrites during cell preparation
(Knoflach and Kemp, 1998). Their finding is consistentization by a strong stimulus lasted 350–450 ms and en-
sured a silent phase of 200–300 ms in Golgi cell re- with our observation that the mGluR2-coupling GIRK
is predominantly located at Golgi cell dendrites. Thesponses (Figures 6B and 6C). The slowly activated
mGluR2 Suppression of Golgi Cell Excitability
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presynaptic or postsynaptic site and the subtype of the
GIRK-coupled mGluR in unipolar brush cells remained
to be determined (Knoflach and Kemp, 1998). Neverthe-
less, mGluR2 is highly expressed in unipolar brush cells
(Geurts et al., 2001; Neki et al., 1996). It would be interest-
ing to investigate whether mGluR2 commonly inhibits
glutamatergic transmission at mossy fiber-unipolar
brush cell synapses and is involved in modulation of
unipolar brush cell responses in the cerebellar circuit. In
midbrain dopamine neurons, glutamate evokes a rapid
excitation via ionotropic receptors, followed by inhibi-
tion via mGluR1 (Fiorillo and Williams, 1998; Paladini et
al., 2001). In this case, mGluR1 mobilizes intracellular
calcium and activates Ca2-dependent K conduc-
tances (Fiorillo and Williams, 1998). The excitation and
its following depression by a cooperative action of iono-
tropic receptors and mGluR may thus occur commonly,
with the mechanisms underlying this dual function of
glutamatergic transmission differing, depending on neu-
ronal cell types.
Selective ablation of Golgi cells in the cerebellar net-
work indicated that Golgi cell-derived GABAergic inhibi-
tion is essential for normal cerebellar function (Wata-
nabe et al., 1998). In the cerebellar network, each
Purkinje cell receives more than 100,000 parallel fibers
(Napper and Harvey, 1988). It is therefore expected that
response selectivity of the Purkinje cell is endowed by
the suppressive action that Golgi cells exert on granule
cells. This feedback loop of the granule cell-parallel fi-
ber-Golgi cell is thus thought to be critical for controlling
the gain of parallel fiber inputs, i.e., setting the firing
threshold of granule cell excitability (Albus, 1971; Gabbi-
ani et al., 1994; Ito, 1988; Marr, 1969). However, GABAA
receptors are concentrated postsynaptically at granule
cells (Nusser et al., 1995) and are tonically activated by
GABA from Golgi cells (Brickley et al., 1996). In addition,
the stimulation of granule cells by a single mossy fiber
is low and requires the activation of more than one
mossy fiber (Gabbiani et al., 1994). Therefore, dynamic
modulation of the feedback inhibition of Golgi cells is
necessary for effective input transmission of granule
cells to Purkinje cells. This investigation has demon-
strated that postsynaptic mGluR2 confers long-lasting
suppression of Golgi cells. Furthermore, the duration
and extent of this suppression are dependent on stimu-
lus strengths of parallel fiber inputs. This activity-depen-Figure 6. Activity-Dependent, mGluR2-Mediated Suppression of
dent suppression of Golgi cells is thus important in con-Golgi Cell Responses
trolling not only the firing threshold of their efferent(A) Golgi cell responses were recorded in the absence of ionotropic
granule cells but also the timing of their action poten-glutamate receptor antagonists in voltage-clamp mode by delivering
three different stimuli; extents of EPSCs evoked by these stimuli tials. Repetitive stimulation of mossy fibers induces
are indicated in inset. Golgi cell responses were then recorded in long-term potentiation of granule cells at mossy fiber-
current-clamp mode by delivering PFS with these three different granule cell synapses (Armano et al., 2000; D’Angelo et
suprathreshold strengths in the presence and absence of LY341495.
al., 1999). This change in synaptic efficacy is prevented(B) Spike raster plots of mGluR2/ and mGluR2/ Golgi cells re-
by inhibitory synaptic activity (Armano et al., 2000).corded in the absence of ionotropic glutamate receptor antagonists
Therefore, inhibition of Golgi cell excitability also servesin current-clamp mode. Weak and strong suprathreshold stimuli
for summation of repetitive mossy fiber stimulation andwere delivered in the presence and absence of LY341495; the weak
and strong stimulus strengths differed by a factor of about 3. A could favor induction of long-term potentiation at mossy
stimulation (five pulses at 100 Hz) is indicated by a red bar. Constant fiber-granule cell synapses.
currents (10–20 pA) or sinusoidal currents (10–25 pA, 40–50 Hz) were In Golgi cells, mGluR2 is also highly distributed at
injected to stabilize basal firing rate.
axonal terminals within glomeruli (Ohishi et al., 1994). It(C) Firings of mGluR2/ and mGluR2/ Golgi cells were recorded
has been shown that presynaptic mGluRs in Golgi cells,in the presence (red) and absence (blue) of LY341495 by delivering
most likely mGluR2, react with spillover glutamate re-a strong and weak stimulus (either five pulses at 100 Hz or three
pulses at 25 Hz) and are summarized in PSTH. leased from mossy fibers and heterosynaptically inhibit
GABA release from Golgi cell terminals (Mitchell and
Neuron
828
(strychinine, 1M) with the following procedures: responses of iono-Silver, 2000; Ohishi et al., 1994). This inhibition is, how-
tropic glutamate receptors were first recorded, and then mGluR2-ever, locally restricted to the axonal terminals within a
mediated responses were isolated by addition of NMDA receptorglia-encapsulating glomerulus. In contrast, the mGluR2
antagonists [3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic
modulation at the postsynaptic site can influence a re- acid and 5,7-dichlorothiokinurenic acid, 100 M each] and AMPA
gional population of mossy fiber-granule cell synapses receptor antagonist [2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo-
[f]quinoxaline-7-sulfonamide, 40-200 M]. sEPSCs were recordedin multiple glomeruli that a Golgi cell innervates (Figure
with the internal solution consisting of 120 mM CsCl, 2 mM MgCl2,2A). Therefore, postsynaptic mGluR2 could play an im-
10 mM HEPES, 10 mM BAPTA, 2 mM ATP, 0.4 mM GTP, 5 mMportant role in spatiotemporal processing and integra-
phosphocreatine, 5 mM N-(2,6-dimethylphenylcarbamoylmethyl)-tion of incoming inputs before distributing these inputs
triethylammonium bromide (QX314), and 5 mM tetraethylammonium
to Purkinje cells. (TEA) (adjusted to pH 7.4 with CsOH). DCG-IV was applied locally
Knockout mice deficient in mGluR2 showed impair- to dendrites of Golgi cells, using a puffer pipette. All reagents above
except for strychinine (Sigma) were obtained from Tocris (Bristol,ment in induction of long-term depression at hippocam-
UK). For G protein activation, caged-GTPS (1 mM, Molecularpal neurons via presynaptic mechanisms (Yokoi et
Probes, Eugene) was added to the internal solution. Data are ex-al., 1996). However, no obvious phenotypic changes
pressed as means  SEM.were observed in mGluR2-deficient mice. Interestingly,
mGluR2 is intensely distributed at dendrites of special- Acknowledgments
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